B), and 60-90Њ (C). The angle subtended by the male pronucleus when initially visible to the center of the egg is indicated with a red dashed line (in red is shown the percent of embryos that fall into this category), its trajectory is indicated by the green connected dots, and the blue dashed line indicating the mean angle of this path to its final position (in blue is shown the percent of embryos that fall into this category). The first cleavage is marked with the white dashed line. (D) Development of actin-rich region (red) associated with the fertilization cone (arrow). Microtubules (green) underlie the actin-rich structure. (E-H) Sequential events of the first cleavage showing preferred alignment of male and female pronuclei. (E and F) Zygotes with the visible pronuclei in alignment with the position of the second polar body (E-DIC image, F-immunofluorescence). (G)
of eggs in which cleavage occurred laterally, between when it could be first observed (1-2 hr postfertilization) until the time of cleavage. We found that the initial posi-60Њ and 90Њ. Thus the probability of the first cleavage division passing through or proximal to the fertilization tion of the male pronucleus subtended an angle of less than 30Њ to the plane of cleavage in 68% (23/34) of eggs cone is 2.9-and 4.6-fold higher than the probability of it passing through positions proximal or lateral to the (Figures 2A-2C , red dashed line). When we examined the mean trajectories of the male pronuclei, we found cone, respectively. This is in agreement with previous experiments marking the fertilization cone externally that in 65% (22/34) of eggs these subtended an angle of less than 30Њ to the plane of cleavage (Figures 2A-2C , [5, 6] . At its maximum size, the fertilization cone could occupy an area equal to or slightly larger than the central green connected dots and dashed blue line). These values are very similar to those between the cleavage plane sector defined above ( Figures 1H, 2D) . Thus there may be a greater correlation between plane of cleavage and and the center of the fertilization cone. Indeed, the male pronucleus first appears close to site of sperm entry. the area occupied by the fertilization cone rather than the single central point in the above measurements.
Thus the first cleavage plane tends to pass not only close to the fertilization cone and the site of male pronuIn an alternative assessment of this relationship, we therefore carried out a second series of time-lapse studcleus formation, but also to the trajectory of the male pronucleus as it migrates to the egg center. Table 1 ). Thus it appears that an asymmetry develops upon egg activanucleate? When we were able to follow the paths of both pronuclei to the egg center, we found that irrespective of tion in relation to the site of the sperm entry and remains a property of the egg. the site of sperm entry, 54% of eggs entered mitosis with the second polar body, the female pronucleus and
We next examined whether the change in egg shape upon fertilization develops before the emergence of the the male pronucleus in alignment along the animal-vegetal axis, 19% of eggs had pronuclei aligned with the fertilization cone or only as a consequence of its extrusion. To address this question we had to "catch" eggs equator, and in 27% of eggs the pronuclei were oriented obliquely in relation to the second polar body. Examinaimmediately after sperm entry and before any signs of the fertilization cone became apparent. We achieved tion of fixed preparations of groups of eggs at a similar time revealed a similar tendency; 78% (18/23) of eggs this by fertilizing a series of eggs in vitro with sperm having Hoechst-labeled nuclei and by measuring the appeared to have pronuclei in linear alignment with the polar body ( Figures 2E-2H) . Thus in the majority of eggs egg's dimensions within 20 min from the time of sperm entry. We found that by this time eggs had already examined, the final position of the male pronucleus was on the vegetal side of the female pronucleus. This alignchanged their shape (median ratio of short:long axis 0.9765 n ϭ 25, Figure 3E ) suggesting this might result ment of the two pronuclei with the second polar body is in accord with the tendency for the first cleavage to from egg activation rather than formation of the fertilization cone per se. To address this, we activated eggs be meridional and suggests that the female pronucleus might take the shortest path toward the egg center.
parthenogenetically and examined them after intervals of 2 and 4 hr. Such artificial activation also resulted in Thus the spindle could, in principle, be set up at any longitudinal angle around the animal-vegetal axis in oregg flattening (median ratio of short to long axes 0.985 [n ϭ 85] and 0.9685 [n ϭ 38] at these respective time der to achieve equitable partitioning of chromosomes into the two daughter blastomeres. However, this does points, Figure 3F ). However, its degree was not as pronounced as in fertilized eggs upon development of the not seem to be the case, as in a significant majority of eggs we observed the first cleavage to pass through fertilization cone (Table 1) . This change in the geometry of the egg suggested or in proximity to the fertilization cone. We therefore conclude that the final central position of the female that activation/fertilization might influence its cytoarchitecture. As this might reflect the shift from the highly pronucleus is important for setting up its spatial relationship with the meiotic midbody to achieve longitudinal asymmetric meiotic divisions to the symmetric mitosis of the zygote, we first chose to examine the distribution division. Why cleavage tends to pass close to the sperm entry position is less clear.
of the mouse homolog of Par6, a member of a protein complex known to be asymmetrically distributed in C. elegans and D. melanogaster embryos [18-21]. We Fertilization Changes Geometry of the Egg found that cortical Par6 was indeed concentrated over The orientation of the first cleavage plane to the sperm the animal pole and was asymmetrically partitioned to entry site is a tendency and not an absolute rule. How the polar body in meiosis ( Figures 4A-4D ). This might might we explain that in one-third of eggs this did not be important to facilitate the subsequent symmetrical happen? Since the mitotic spindles in cultured animal mitotic divisions. It did not, however, appear to have cells become oriented by sensing the cell geometry [16], any specific distribution in the egg that related to the we considered whether geometry of the egg could influsperm entry site. ence spindle and, hence, cleavage orientation in the Fertilization is, however, associated with cortical mouse zygote. We therefore measured any deviation of changes; particularly, the deposition of actin accumumouse eggs from their expected spherical shape before lates at the site of sperm entry under the fertilization and after fertilization. When viewed from the animal pole, cone ( Figure 2D ). We found that this actin structure was we found that unfertilized eggs were round or almost itself associated with a dense array of microtubules that round in shape about their equator (median ratio of projected to the interior of the cell. Since such cytoskeleshortest:longest axis 0.996, n ϭ 51; Figure 3A , Table 1 ).
tal components might facilitate shape changes, we Surprisingly, however, fertilized eggs with a fertilization sought to test the effects of drugs that disrupt these cone were flattened about their equator (median ratio proteins. Such experiments are not straightforward of axes 0.961, n ϭ 89, p Ͻ 0.0001; Figure 3B ). Moreover, since the drug treatment could interfere either with the in the majority of cases (72%, n ϭ 71) the fertilization fertilization or the simultaneous completion of the seccone was positioned on one end of the short axis (Figure ond meiosis. We therefore first administered cytocha-3B). This led us to consider whether eggs might become lasin or nocodazole immediately after fertilization and flattened through accommodating the fertilization cone found that newly fertilized and flattened eggs retained within the physical boundary of the zona pellucida. Thus this shape after either drug treatment for 1-4 hr (Table we examined whether the round shape of the egg would 2, top). Thus neither the actin nor the microtubule cybe restored either if the egg was liberated from the zona toskeleton appear to be essential to maintain the shape pellucida or once the fertilization cone had receded. We change once it has occurred. As we could not achieve fertilization of eggs in the presence of these drugs [22], found in either case that although not as pronounced, we carried out a second study to examine the effect by chromatid separation in the second meiotic division, we could not perform this experiment using nocodaof cytochalasin on the shape change induced by egg activation. (As we monitored success of egg activation zole.) Cytochalasin prevented the shape change ( Table Table 1 2, bottom), leading us to conclude that the actin cyby fertilization, and that the sperm has predisposition to enter the egg where it intrinsically becomes flattened. toskeleton is at least in part responsible for reorganization of egg geometry upon egg activation.
However, although there is a reduced tendency for the egg to be penetrated near the animal pole [23], there is Together these observations suggest that the egg changes its shape upon activation in an actin-depenno evidence at present that there are preferred places elsewhere on the egg for sperm attachment. dent process that is accentuated by fertilization and that the effect is long lasting. At present we cannot exclude As the fertilization cone tends to lie on the short axis of the egg, cleavage would also have a tendency to pass that the short axis of the egg develops entirely as a direct response to activation, normally brought about along the same axis. Indeed when we examined those long axis of the egg. This result suggests that the geometry of the egg could be a stronger influence than the sperm entry site in orienting the first cleavage.
Externally Directed Change in Zygote Geometry Reorients Cleavage
If shape of the egg could be an overriding factor, then imposing an externally directed shape change should direct egg cleavage in a manner unrelated to the sperm entry position. We were able to change the shape of eggs by drawing them into a pipette such that they were slightly squeezed and then releasing them into media containing sodium alginate. Thus their change in shape was maintained upon solidification of this matrix. We first flattened a series of eggs such that the ratio of their short:long axes was on average 0.785. One group (n ϭ 17) was flattened in such a way that the fertilization cone was forced to lie on one end of the new long axis. The other group (n ϭ 12) was flattened after the fertilization cone had receded in such a way that the second polar body lay at one end of the long axis ( Figure 5C ). We then allowed the eggs to develop and noted where the first cleavage occurred with respect to their new long axes. In both groups all eggs divided along the short axis such that the angle between the cleavage plane Once again we observed that great majority of embryos (94%) divided perpendicularly to their "new" long axis ( Figure 5D ). This confirms that the position of cleavage "exceptional" eggs from the time-lapse experiments in which cleavage did not respect the site of sperm entry, depends on the egg shape and also indicates that any effects of the fertilization site and animal pole can be we found that such eggs tended to be flattened in a different dimension and that cleavage showed a bias overridden by externally imposed changes to egg geometry. correlating with that flattening. Thus in those 36% (10/29) of eggs in which cleavage was medially or laterTogether our results correlate orientation of the spindle and cleavage with changes to egg geometry in relaally located with respect to the fertilization cone ( Figure  1H ), we could observe clear egg flattening in 7/10, and tion to the sperm entry site. These findings are entirely consistent with our earlier reports in which enduring in five of these division occurred perpendicular to the ]. This is contrary to the conof testing the regulative capacity of such manipulated clusion of Davies and Gardner [7, 8] that the site of the embryos. We produced three groups of experimentally first cleavage could not relate to sperm entry in the mouse flattened embryos, cultured them to the blastocyst embryo. Perhaps this reflects their use of some internalstage, and then transplanted them together with carrier ized sperm components as markers in contrast to our embryos (distinguishable by future coat color) to foster use of the sperm entry site per se. Alternatively it is mothers to test their ability for successful development. possible that some experimental manipulation may have We found that 84% (37/44) of control embryos had full led to egg shape changes affecting cleavage patterns developmental potential. Of a series of eggs flattened in the experiments of Gardner and Davies. We cannot such that either the animal pole, the fertilization cone, discount the further possibility that changes in egg or both lay on the end of the long axis at the time of first shape might be strain dependent and that in the strain cleavage, 73% (40/55), 60% (34/57), and 31% (11/36), used by these authors other determinants, including respectively, developed to term. Thus, only the developthose of egg shape, override any effect related to sperm mental survival of the last group of embryos in which entry.
the animal pole and the fertilization cone were both Our finding that the long axis was cleaved in the divilocated on ends of the long axis was significantly differsion of experimentally flattened eggs is in agreement ent from control group (p Ͻ 0.001, 2 test, 1 d.f.). These with the hypothesis that the spindle "senses" cell shape. experiments indicate that development is able to proHowever, this does not exclude the possibility that fertilceed fully after changing the orientation of the first cleavization per se has an additional role in orienting cleavage, although when the cleavage does not relate to age. The exact mechanism by which fertilization/activaeither the site of the previous meiotic division or sperm tion changes the egg shape and how subsequently the entry, probability of survival of embryos appears remitotic spindle responds to this still remains unknown.
duced. Such mechanisms for orienting the spindle might be Our results show that although the orientation of the first cleavage of the mouse egg has a tendency to corremore universal [17] .
